First-principles calculations are employed to study the pseudomorphically grown SrTiO 3 on the MgO͑001͒ substrate and MgO on the SrTiO 3 (001) substrate, with different interface structures and increasing film thickness ͑up to 5 or 6 layers͒. The corresponding free-standing slabs of SrTiO 3 and MgO are treated for comparison, as well as slabs strained like in the overlayer ͑lateral lattice constants taken from the substrate͒. Adsorption energy and stress are evaluated as a function of film thickness. It is shown that in the SrTiO 3 /MgO systems both energetics and stresses are consistent with the observed preference for starting the growth by the TiO 2 layer. In the MgO/SrTiO 3 (001) systems, for which only incommensurate growth has been experimentally observed, the effect of interface is found to be much shorter ranged than in the SrTiO 3 /MgO(001) systems. In the free-standing-strained films of SrTiO 3 the strain affects mainly the TiO 2 atomic layer. On the other hand, in the SrTiO 3 /MgO(001) systems with the TiO 2 /MgO interface, the interface causes the stress changes to alternate the sign.
I. INTRODUCTION
The growth in heterosystems consisting of oxides on oxides exhibits rather a different behavior than in the semiconductor-on-semiconductor structures. One of the notable particularities of the oxide heterostructures is that the lattice mismatch between the two components, still permitting pseudomorphic growth, can be much larger than in systems made of semiconductors. In the present work, we carry out a systematic study of SrTiO 3 films grown pseudomorphically on a MgO͑001͒ substrate ͓hereafter denoted as SrTiO 3 /MgO(001)͔ and of the ''symmetric'' systems consisting of MgO films on SrTiO 3 (001) substrate ͓denoted MgO/SrTiO 3 (001)͔. We concentrate on adsorption energy and stresses in these systems and evaluate them ab initio for various film thickness and different interface structures.
The SrTiO 3 (001) surface is frequently employed as substrate for growing epitaxial films of high-T c superconductors 1 while MgO͑001͒ is widely used as substrate for growing various substances such as metals 2 or superconductors; 3 some of the systems prepared in this way have applications as optoelectronic devices. 4 For temperatures above 105 K, 5 SrTiO 3 occurs in cubic perovskite structure ͑Fig. 1͒, which allows two types of ͑001͒ termination: viz., the SrO-or TiO 2 -terminated surfaces. MgO is a prototype of ionic rocksalt solid ͑Fig. 1͒ with neutral ͑001͒ surface consisting of both Mg and O atoms. Experimental 6 studies of the growth of SrTiO 3 on MgO͑001͒ concluded at very different film properties, depending on the ''choice'' of the first overlayer which is in contact with the substrate, i.e., depending on whether the SrO/MgO or the TiO 2 /MgO interface is formed. The SrTiO 3 films grown with the SrO/MgO interface lead to ''islandlike'' nucleation and surface roughening, while those with the TiO 2 /MgO interface grow psdudomorphically and develop epitaxial thin films of optical quality. In the ''symmetric'' system, when MgO was grown on SrTiO 3 (001) , 7 only incommensurate growth was observed: the experiments produced high-quality single-crystalline MgO films, but with lattice constant relaxed nearly completely from the first monolayer-i.e., no pseudomorphic registry appeared. The reasons behind this difference in behavior have never been clearly understood, and it remains unclear whether the absence of pseudomorphic growth in the second case is due to some technical limitations of the experiments or consequent to some more fundamental constraints. In this work we assume pseudomorphic geometry in both SrTiO 3 /MgO(001) and MgO/SrTiO 3 (001) heterostructures; the latter class of systems is thus to be regarded as, to the present knowledge, hypothetical. We will obtain the adsorption energies and macroscopic stresses of different interface structures, with different interface types and substrate orientations, and for different film thicknesses, from ab initio calculations based on the density-functional theory ͑DFT͒. Throughout the paper we will compare the results obtained for heterostructures with calculations on free-standing films of SrTiO 3 and MgO, with the ͑lateral͒ lattice constants taken over, on the one hand, from the bulk and, on the other hand, from the substrate. The effect of interface can then be deduced by comparison between the interface systems and the corresponding free-standing films. We find that interface ef- fects in the SrTiO 3 /MgO(001) systems are considerably longer ranged than in the MgO/SrTiO 3 (001) systems. Other interesting and somewhat unexpected results are provided by analysis of stresses. The article is organized as follows: the details of the calculations are summarized in Sec. II, Sec. III defines the atomic structure of the systems to be studied, and Sec. IV gives the preferred interface structures obtained from the calculations. The results for adsorption energy and stresses in the SrTiO 3 /MgO(001) and MgO/SrTiO 3 (001) systems are discussed in Secs. V and VI respectively. Section VII contains concluding remarks.
II. CALCULATIONAL DETAILS
The calculations are based on density-functional theory 8 within the local density approximation 9 using the CeperleyAlder form 10 for exchange correlation. We use the ab initio total-energy and molecular-dynamics Vienna ab initio simulation program ͑VASP͒, developed at the Institut für Material Physik of the Universität Wien.
11
The one-electron wave functions are expanded in a planewave basis limited by the kinetic energy cutoff E PW ϭ495 eV. Integration over the first Brillouin zone uses the discrete k-point sampling according to Monkhost Here the k-point set used corresponds to the Monkhost-Pack parameters ͑4 4 4͒, for both bulk SrTiO 3 in the primitive unit cell and bulk MgO in the conventional cubic cell ͑consisting of 4 formula units͒. It has been checked in the previous study 17 that this k-point set is sufficient for the Brillouin zone integration.
All systems studied henceforth are represented by periodic slabs separated by vacuum. We use periodic cells with vacuum size of at least 12 Å. In systems with an interface, a slab consisting of 7 atomic planes simulates the substrate, and we have checked that these choices lead to similar surface properties as in the previous calculations 17 of the SrTiO 3 (001) surfaces that used up to 11 atomic layers. All slabs are constructed so as to be symmetric with respect to the mirror plane passing through the center of the supercell, as shown in Figs. 2 and 3 . The k-point set used in the supercells is defined by the Monkhorst-Pack parameters ͑4 4 2͒, which means we have got the same density of k-points as in the bulk for the lateral directions and somewhat higher density in the film-growing direction. For relaxing atomic positions in the surface structures, we use the forces calculated by the Hellmann-Feynman theorem 18 and move atoms to positions at which all forces become smaller than ␦ ϭ0.02 eV/Å. Calculation of the stress is based on application of the ''stress theorem'' 19 ͑average macroscopic stress͒.
III. SYSTEMS STUDIED
Four interface systems are studied here: ͑1͒ SrTiO 3 films grown on the MgO͑001͒ substrate starting with the SrO/ MgO interface, ͑2͒ similar as ͑1͒ but starting with the TiO 2 /MgO interface, ͑3͒ MgO films grown on the SrOterminated SrTiO 3 (001) substrate, and ͑4͒ similar as ͑3͒ but in contact with the TiO 2 -terminated SrTiO 3 (001) substrate. We denote them S-on-M, T-on-M, M-on-S, and M-on-T systems, respectively. As already mentioned in Sec. II, the systems are represented by periodic slabs separated by vacuum of at least 12 Å in thickness and the substrate consists of 7 atomic layers of the bulk material. The overlayers are up to 6 layers thick for the S-on-M and T-on-M systems and up to 5 layers for the M-on-S and M-on-T slabs. All systems considered are constructed so as to be symmetric with respect to mirror plane passing through the center of the slab as shown in Figs. 2 and 3 . The lateral lattice constants (a x ,a y ) in the interface system are those of the substrate. The free-standing films with the ͑lateral͒ lattice constants of the substrate are studied for comparison, as well as slabs with a x ,a y taken from the bulk. We shall refer to the former as to ''freestanding-strained films,''; the latter are merely ''freestanding films.'' FIG. 2. Structure of the SrTiO 3 /MgO(001) systems studied and of the free-standing films considered for comparison. All slabs are constructed so as to be symmetric in the film-growing direction. Symbols S, T, and M stand for the SrO, TiO 2 , and MgO atomic layers, respectively; when appended by a number, they specify the top atomic layer ͑i.e., the surface layer͒, whereas the number gives the layer thickness. ͓Thus, e.g., T4 is the abreviation for a 4-layer film ͑two SrTiO 3 formula units͒ ending by the TiO 2 surface; the film T4 can be either free-standing or deposited on the MgO substrate.͔ The shaded areas give the correspondence between the freestanding films and overlayers on substrate. 
IV. ATOMIC STRUCTURE OF THE INTERFACES
In the bulk ͑Fig. 1͒ the lattice mismatch between the cube edges of SrTiO 3 ͑3.866 Å, elementary unit cell͒ and MgO ͑4.1605 Å, conventional unit cell͒ is approximately 7%. The two cubes can be piled up either in the orientation shown in Fig. 1 or with one of the cubes rotated by 45°around the ''vertical'' axis. In the latter case the cube edge of MgO would have to be expanded by additional 31% if the O, Mg were to be situated above the Sr, O so as to ensure lattice matching-obviously the less favorable alternative. In the former ͑more favorable͒ orientation we note that the twodimensional layers of MgO have to be referred to as a ͱ2 It may be useful to recall that, in addition to the stackings shown, one can construct still another interface structure, for each of the interface systems, viz., by sliding the film layers along the ͑100͒ direction ͑horizontally͒ by a half unit cell. For the TiO 2 /MgO interface ͑T-on-M systems͒ and the MgO/TiO 2 ones ͑M-on-T systems͒, this shift results in interfaces with the anion-above-anion and cation-above-cation structures with energies much higher than the stackings shown in Figs. 4 and 5: our calculations yielded energy differences of the order of 5 eV/(TiO 2 interface area͒, compared to the stackings displayed that exhibit the anion-tocation bonds. In case of the SrO/MgO interface ͑S-on-M systems͒ and MgO/SrO ͑M-on-S systems͒, the ''shifted'' interfaces lead to energies which are, both, by 0.3 eV͑per SrO interface area͒ higher-when a single overlayer is adsorbed-and by 0.3 or 0.5 eV higher when the film is two layers thick. We notice that the preferred SrO/MgO and MgO/SrO interfaces have obtained the O-to-Mg and Srto-Mg bonds, while the shifted ones would lead to O-to-O and Sr-to-O bonds. In brief, it is the interface structures avoiding the O-to-O bonding that are preferred against those which avoid the Sr-to-Mg bonds. From now on the systems addressed will have the preferred, lowest-energy interfaces shown in Figs. 4 and 5.
TABLE I. Adsorption energy of an SrO or TiO 2 layer added to the S-on-M systems ͑Fig. 4͒ and the one corresponding to the adsorption on free-standing and free-standing-strained films ͑Fig. 2͒. All energies ͓͑in units eV/͑SrO formula unit͒ or eV/(TiO 2 formula unit͔͒ are given relative to the sum of the atomic energies of the adsorbates ͑see the text͒. For clarity, the results corresponding to adding an SrO or TiO 2 layer are left or right aligned. Also listed is the accumulated adsorption energy ⌺ of the interface systems, for pairs of layers in the adsorbed films.
Symbol
Overlayer Free-standing Free-standing-S-on-M ⌺ thickness films strained films systems
The preferred, lower-energy structure of the S-on-M and T-on-M interfaces. The strain in the SrTiO 3 film caused by the pseudomorphic growth is ϩ7.6%. Fig. 4 , but for the M-on-S and M-on-T interfaces. The strain in the MgO film caused by the pseudomorphic growth is Ϫ7%. 
FIG. 5. As in

V. RESULTS FOR THE SrTiO 3 ÕMgO"001… SYSTEMS
For the SrTiO 3 /MgO(001) systems ͑Fig. 4͒, we considered up to six layers in film thickness, for both the S-on-M and T-on-M cases. The corresponding free-standing and freestanding-strained films shown in Fig. 2 were treated as well. The quantities we are interested in are the adsorption energy of an added SrO or TiO 2 layer and the change in lateral stress ( xx ϭ yy ) caused by the additional layer. The results we obtained are listed in the Tables I and II ͑adsorption energies͒  and Tables III and IV ͑the stress changes͒. The adsorption energy is given relative to the sum of the atomic energies of the adsorbates, i.e., assuming that the adlayer is created from free atoms. Only lateral stresses are considered, because the stress along the film-growing direction is at least one order smaller, as a consequence of the atomic relaxation.
Starting with the free-standing and free-standing-strained films, the results in Tables I and II ͑third and fourth columns͒ suggest that the adsorption energy converges to a constant value, viz., Ϫ14.7 eV for an added SrO layer and Ϫ29.7 or Ϫ28.9 eV for an added TiO 2 layer. For the free-standing films, the adsorption energy does not depend on the thickness starting from the third or fourth added layer ͑T3 in Table. II  and T4 in Table I͒ , i.e., when the free-standing-slab thickness is 5 or 7 atomic layers. This confirms our initial assumption that Ϸ7 atomic layers are needed for representation of the SrTiO 3 (001) substrate in the slabs. For the free-standingstrained films, it takes two more layers in thickness to achieve the same convergence, i.e., starting from the fourth or fifth added layers, which corresponds to films of 7 and 9 layers thick. On the other hand, we notice that the ͑con-verged͒ adsorption energy of an added SrO layer is the same in both the free-standing and free-standing-strained filmsunlike with the added TiO 2 layer that makes the two adsorption energies differ by 0.7 eV. This means that the strain has an effect mainly on the TiO 2 layers. A similar behavior is seen on the stress changes ͑Tables III and IV͒. In the freestanding-strained films, the stress will change little when the added layer is SrO, but the convergence is harder to achieve when the TiO 2 layers are added. The fact that the lateral strain makes the adsorption energies and stresses discriminate between the two kinds of layers can be related to different types of chemical bonding that coexist in the system. Figure 6 shows the charge-density contours calculated for the 11-layer free-standing film T6 ͑see the structure in Fig. 2͒ . One can see that the Ti atoms form with the six surrounding a/2-spaced oxygens directional bonds while the bonding of Sr atoms with the eight surrounding (ͱ2/2)a-spaced oxygens is of the ionic type. As the covalent-ionic Ti-O in-plane bonds are the strongest among all the bonds involved, it is not surprising to find that strain has much stronger effect on the TiO 2 than on the SrO layers.
Proceeding to the heterosystems ͑the fifth column in Tables I and II͒ , one expects the adsorption energies to converge to the same values as in the free-standing-strained films-but the limiting value is harder to obtain: we observe that even at the sixth added layer convergence is achieved Tables I  and II͒ the accumulated adsorption energies ⌺ are larger ͑in absolute value͒ in the T-on-M systems ͑Table II͒ than in the S-on-M ones ͑Table I͒; this is consistent with the experimental observation that the pseudomorphic growth occurs in the T-on-M systems and not in the S-on-M ones. The energetic preference is approximately 1.7 eV per (4.1604 Å ϫ4.1605 Å) MgO͑001͒ surface area, essentially independent of the thickness of the overlayers, as can be seen by comparing the last columns in Tables I and II . The origin of this preference can be traced down to the atomic structure of the first two added layers, viz., to the formation of two different interface structures in: the more stable T-on-M system the interface consists of anion-cation bonds ͓Ti ͑O͒ from TiO 2 layer binding with O ͑Mg͒ of the MgO substrate͔, whereas the interface of the S-on-M system cannot be made of cation-anion bonds only: in S-on-M the O of the SrO layer would bind with the Mg of the MgO substrate, but the Sr from the SrO layer, sitting on the top of a Mg of the MgO substrate, would obviously lead to an unfavorable cationcation link. An analogous situation occurs also in the M-on-S and M-on-T systems which will be discussed in the next section.
The results on stresses are given in Tables III and IV . Generally speaking, positive and negative signs of stress ͑e.g., in the bulk͒ reflect the positive and negative strains; i.e., they indicate that the system is under tensile or compressive stress. Although the stress changes in Tables. III, IV can be positive and negative, the system stresses are all found to be tensile. We note that, at any thickness, the system stress is lower in the T-on-M systems ͑Table IV͒ than in the S-on-M ones ͑Table III͒. As also the energetics favors the former systems ͑see above͒, this is the explanation why the experimentally observed growth is the one starting with the TiO 2 plane: the configuration leads to stronger cohesion and lesser stress.
In the free-standing films, at large thickness, the nonzero stresses are the surface stress of the corresponding material. For the free-standing-strained films, the values in Tables III  and IV include, in addition to surface stress, the elastic stress of the strained layers. The free-standing-strained films of SrTiO 3 are under positive strain-their lateral lattice con- Fig.  2 ; only the ''upper'' half of the slab is plotted͒. Symbols S, T, and O stand for Sr, Ti, and O atoms, and the planes shown cut through the positions of the Sr, Ti, and O nuclei. Only the low-charge-density contours are plotted, which illustrate the distinct bonding types. The smallest density represented by the ͑outermost͒ contours is 0.2 electron/Å 3 , and the interval between two contours is 0.2 as well.
stants are those of bulk MgO ͑4.1605 Å͒, 7% mismatched with the lattice constant of the bulk SrTiO 3 ͑3.866 Å͒-and the changes in stress are positive as well: with the increasing thickness the layers are subject to larger tensile stresses. As with the adsorption energies ͑Tables I, II͒, the stress changes are the most pronounced upon addition of the TiO 2 layers. Compared to the convergence of absorption energies, the convergence of the stress changes in the free-standingstrained films is much slower, and it appears that even when the sixth layer had been added ͑a slab with 13 layers of the free-standing-strained films͒, the convergence is not yet achieved. This is not surprising because stress is the first derivative of energy with respect to strain, and the convergence of the energy does not imply that also the derivatives should be converged. Presence of interface makes the stress changes to converge even more slowly than in the free-standing-strained films ͑see the last columns in Tables III and IV͒ . We expect the stress changes in the interface systems to converge to the same values as in the free-standing-strained films: upon adding many layers the presence of an interface would be screened out and no longer felt on the surface of the slab. The Tables III and IV show that the 7-layer thickness is not yet sufficient to demonstrate this trend clearly. We notice, however, that the stress changes show very different patterns in the S-on-M and T-on-M systems, as far as one can judge from the results for the thin and moderately thick overlayers listed in Tables III and IV. In the S-on-M structure ͑Table III͒ the added SrO (TiO 2 ) layer increases the stress by a large ͑small͒ positive value, which then decreases ͑increases͒ as the film thickness grows. In the T-on-M system adding the TiO 2 layers increases the stress by a large and positive amount. In contrast, the stress changes due to the added SrO layers are negative and decrease in absolute value with the increasing film thickness. Adding the successive TiO 2 and SrO layers thus makes the total stress value oscillate ͑up to the thickness of at least 5 layers͒ in the T-on-M system. Although the integrated stress ⌺ is smaller in T-on-M than in S-on-M systems at any thickness of the overlayer, the preference for T-on-M is particularly marked at the initial stages of the growth, e.g., when just one formula unit of SrTiO 3 is added ͑cf. T1, S2 in Table IV with S1, T2 in Table III͒ . Once more we are witnessing the ͑energetically unfavorable͒ effect of the juxtaposition of two cations ͑Sr ''above'' Mg͒ in the interface of the S-on-M system, which we discussed earlier in this section.
VI. RESULTS FOR THE MgOÕSrTiO 3 "001… SYSTEMS
Unlike in the SrTiO 3 overlayers, the adsorption energy changes obtained in the free-standing and free-standingstrained MgO films converge to constant values at already the second and third added layers ͑the third and fourth columns in Table V͒ , i.e., much faster than in the free-standing SrTiO 3 (001) films. It is interesting to note that the energy of the one-layer free-standing-strained film of MgO ͑lateral lattice constant of 3.866 Å͒ turns out to be lower than in the one-layer free-standing film ͑lattice constant 4.1605 Å͒. A few calculations made on the occasion showed that stability of the single-layer MgO film is achieved at the lateral lattice constant 3.9298 Å, i.e., 5.5% under the value of the ͑theoret-ical͒ lattice constant of bulk MgO ͑4.1605 Å͒.
In heterosystems, adopting the atomic structures corresponding to pseudomorphic growth, the adsorption energies ͑the last two columns in Table V͒ reach a constant value at the fourth added MgO layer for both the M-on-S and M-on-T systems. The effect of interface in the MgO/SrTiO 3 (001) systems is thus much shorter ranged than in the SrTiO 3 /MgO(001) ones. As mentioned in the previous section, this is probably a consequence of the localized charge distribution ͑pure ionic bonds, in MgO͒ that neutralizes the presence of the substrate more efficiently than the mixed covalent-ionic bonding in SrTiO 3 -and causes thus a faster convergence of the adsorption energies in Table V . As in the SrTiO 3 /MgO(001) systems, the MgO/TiO 2 interface is favored against the MgO/SrO one by Ϸ1 eV per SrTiO 3 (001) surface unit cell, starting from the first overlayer; the integrated adsorption energy ͑not listed in Table V͒ then conserves this ''advantage'' throughout the subsequent growth.
The surface stress in the free-standing MgO films ͑column 3 in Table VI͒ is tensile, like at most surfaces. For the freestanding-strained MgO films, on the contrary, the system stresses are compressive because the films are strained at the lattice constant of the bulk SrTiO 3 , which is about 7% under the one of bulk MgO. Although both SrTiO 3 (001) surfaces of the substrate are under tensile stress, the total stress of the system becomes compressive after the first ͑second͒ MgO layer had been added pseudomorphically in the M-on-T ͑M-on-S͒ system. Thus all the M-on-S and M-on-T systems considered here, except the M1 of the M-on-S system, are under compressive stress. Contrary to the adsorption energy, which favors the M-on-T against the M-on-S system, the stresses are actually lower in the M-on-S system-though the prefer- 7 have not identified which of the two SrTiO 3 (001) surfaces is in contact with the MgO overlayer. However, it is believed 20 that most of the substrate surface area exposed has TiO 2 termination-essentially because the TiO 2 -terminated surface of SrTiO 3 (001) is more stable than the SrOterminated one ͑see the discussion in Ref. 17 , Sec. IV͒. The experimental observation of the nonpseudomorphic growth of MgO on the SrTiO 3 (001) surface, with lattice constant nearly relaxed from the first monolayer, might be related to the very-short-range effect of this interface; it also might be a consequence of the compressive surface stresses which would result from pseudomorphic growth: compressive surface stress is rarely found on stable surfaces.
VII. CONCLUSIONS
We have carried out a systematic ab initio study of the SrTiO 3 /MgO(001) and MgO/SrTiO 3 (001) systems with varying overlayer thickness. The adsorption energy and changes in stress upon adding the film, layer by layer, onto the substrate were considered for thickness of up to 5 or 6 layers. The corresponding free-standing films, with the lateral lattice constants taken, on the one hand, from the substrate and, on the other hand, from the film material in bulk, were considered as well, in order to separate out the interface effects. The latter were found to be much longer ranged in the SrTiO 3 /MgO(001) systems than in the MgO/SrTiO 3 (001) ones. With SrTiO 3 on the MgO substrate, the calculated energies are consistent with the experimentally observed preference for starting the overlayer growth by the TiO 2 plane. In the ''symmetric case'' ͑MgO on the SrTiO 3 substrate͒, the energetics alone does not preclude pseudomorphic growth; i.e., there is still some energy released in the pseudomorphic growth. As the present study has shown that the interface effect is much shorter ranged in the case of MgO grown on SrTiO 3 than for the SrTiO 3 film grown on MgO, one may ponder whether the absence of pseudomorphic growth is not related to the absence of long-range mechanisms. We also found several stress-related phenomena: as a consequence of the directional Ti-O bonds and of weaker ionic bonding of the Sr atoms, the strain in the freestanding-strained films affects mainly the TiO 2 atomic layer, and in the T-on-M systems with very thin films ͑5 overlayers͒ the interface causes the stress changes to alternate the sign. 
